In our previous study, the stress-strain relationship of the radial arterial wall was measured and the viscoelasticity of the intima-media region was estimated from the stress-strain relationship. Furthermore, the transient change in viscoelasticity due to flow-mediated dilation (FMD) was estimated by the automated detection of wall boundaries. In the present study, the strain rate was adaptively filtered to improve the accuracy of viscoelasticity estimation by decreasing the high-frequency noise. Additionally, in a basic experiment, this method was validated using a silicone tube (simulating artery). In the basic experiment, the elasticity was estimated with a mean error of 1.2%. The elasticity measured at each beam position was highly reproducible among measurements, whereas there was a slight variation in measured elasticity among beams. Consequently, in in vivo measurements, the normalized mean square error (MSE) was clearly decreased. Additionally, the stress-strain relationship of the radial arterial wall was obtained and the viscoelasticity was estimated accurately. The inner small loop, which corresponds to the negative pressure wave caused by the closure of the aortic valve, can be observed using the adaptive low-pass filtering (LPF). Moreover, the transient changes in these parameters were similar to those in the previous study. These results show the potential of the proposed method for the thorough analysis of the transient change in viscoelasticity due to FMD. #
Introduction
Medical ultrasound is clinically used to make a diagnosis for various organs, and it can be repeatedly employed to confirm time-dependent changes of the targeted organs, because it is noninvasive and relatively stress-free for patients. Ultrasound B-mode imaging is widely used for the morphological diagnosis of the arterial wall. Additionally, as well as the morphology of the arterial wall, the viscoelasticity of the arterial wall and the condition of blood are also useful markers for the diagnosis of atherosclerosis. [1] [2] [3] [4] [5] [6] The quantitative assessment of atherosclerosis, which is the main cause of circulatory diseases, is essential for making an early diagnosis of such diseases. The endothelial dysfunction is considered to be an initial step of atherosclerosis. 7, 8) Additionally, it has been reported that the smooth muscle, which constructs the media of the artery, changes its characteristics owing to atherosclerosis. 9) Consequently, it is important for an early preventive treatment to noninvasively assess the arterial wall properties, which are the endothelial function and the mechanical property of the media.
The arterial wall is composed of three layers, namely, intima, media and adventitia, as shown in Fig. 1 .
10) The intima, the innermost layer, is composed of endothelial cells and an internal elastic layer. Endothelial cells react to the shear stress caused by blood flow and produce nitric oxide (NO), which is known as a vasodepressor material. The smooth muscle, which constructs the media, is the main source of the viscoelasticity of the vessel wall. Therefore, the dilation and contraction of the artery depend on the characteristics of the media. The smooth muscle is relaxed as a result of the response to the produced NO. This function is important for maintaining the homeostasis of the vascular system. 11) For the evaluation of the endothelial function, there is a conventional technique for measuring the transient change in the inner diameter of the brachial artery caused by flowmediated dilation (FMD) after the release of avascularization. [12] [13] [14] [15] [16] FMD, which is the ratio of the change in diameter due to FMD to the original diameter, is related to the cardiovascular risk factor, such as the cerebral infarction and diabetes, and, thus, it is considered to be a reference index of circulatory diseases. [17] [18] [19] However, this method cannot directly evaluate the mechanical properties of the arterial wall.
For a more sensitive and detailed evaluation of the endothelial function and mechanical property of the media, we have proposed a new noninvasive method for the measurement of the elasticity of the brachial artery 20, 21) and the stress-strain relationship of the radial arterial wall. 22) Additionally, the viscoelasticity of the intima-media region was estimated from the stress-strain relationship. 23) In our previous study, the transient change in viscoelasticity due to FMD was estimated by the automated detection of wall boundaries 24) to reduce the operator dependence. In the proposed method, it is necessary to measure viscoelasticity accurately and reproducibly to evaluate the rate of change in viscoelasticity after avascularization. Therefore, in the present study, the strain rate was adaptively filtered to improve the accuracy of viscoelasticity estimation, by decreasing the high-frequency noise amplified by the differentiation of the strain. Additionally, the proposed method was validated using a silicone tube (simulating artery) by evaluating the accuracy of the estimation of viscoelasticity. Consequently, the proposed method was applied to the human radial artery and the transient change in viscoelasticity due to FMD was measured.
Principles and Experimental Methods

Principles of estimating artery wall viscoelasticity
from measured stress-strain relationship and decreasing high-frequency noise by filtering The detailed analysis of the change in the viscoelasticity of the arterial wall due to FMD requires the in vivo measurement of the stress-strain relationship, which has not been measured noninvasively thus far.
For the radial artery, the inner pressure can be noninvasively and continuously measured with a special sphygmometer (Colin JENTOW-7700). Thus, the waveform of blood pressure pðtÞ can be obtained, and the viscoelasticity can be estimated from the stress-strain relationship. [22] [23] [24] To determine the stress-strain relationship, the minute change in the thickness (radial strain) ÁhðtÞ of the right radial arterial wall during a cardiac cycle was also measured using the phased tracking method. 25) Together with the measurement of ultrasonic RF signals for the estimation of ÁhðtÞ, the waveform of blood pressure (stress) pðtÞ in the left radial artery was continuously measured with the sphygmometer.
For the measurement of the change in thickness, the velocities of artery wall boundaries [namely, the lumenintima boundary (LIB) and media-adventitia boundary (MAB)] were estimated. These boundaries were detected by adaptive template matching 15) and these velocities vðtÞ were estimated from the phase shift ÁðtÞ of RF echoes in two consecutive frames. The phase shift ÁðtÞ was obtained using the complex cross-correlation applied to the quadrature demodulated signals of the measured RF echoes. The change in thickness, ÁhðtÞ, between two different depths, A and B (corresponding to the LIB and MAB, respectively), in the arterial wall along an ultrasonic beam was obtained from the difference between the displacements x LIB ðtÞ and x MAB ðtÞ at these two positions aŝ hðtÞ ¼x LIB ðtÞ Àx MAB ðtÞ
The strain ðtÞ was obtained from the change in thickness, ÁhðtÞ, which is divided by the intima-media thickness at the time of the R-wave of the electrocardiogram. By assuming the Voigt model as a viscoelastic model of the intima-media region, the stress-strain relationship is given bŷ
whereðtÞ is the stress modeled by the Voigt model, and ðtÞ, _ ðtÞ, E s , and are the strain, strain rate, static elasticity, and viscosity coefficient, respectively. In the in vivo measurement, the measured stress ðtÞ is the incremental strain due to the pulse pressure, whereas the measured stress includes the bias stress (diastolic blood pressure). Therefore, 0 is added to the right-hand side of eq. (2) as the bias stress corresponding to the diastolic pressure.
In this study, the strain rate was filtered to decrease the high-frequency noise amplified by the differentiation of the strain. Figures 2(a) and 2(b) show the waveforms and spectra of the strain rates of the arterial walls obtained with and without filtering. By a low-pass filtering (LPF), the eq. (2) was rewritten bŷ
The mean square error (MSE) between the measured ðtÞ and model LPF ðtÞ stresses is defined by
where E t ½Á indicates the averaging operation during a cardiac cycle. The parameters in eq. (3), E s , , and 0 , were estimated by the least-squares method by minimizing the normalized MSE between the measured and model stresses ðtÞ and LPF ðtÞ. Additionally, the minimized MSE min was calculated at each cutoff frequency f c of LPF in the range from 5 to 160 Hz, and the cutoff frequency, which gave minimum min , was determined adaptively.
Procedure for basic experiment
In this study, we evaluated the accuracy of the estimation of viscoelasticity by a basic experiment using a silicone tube (simulating artery). The silicone tube (wall thickness: 1 mm; inner diameter: 8 mm) includes graphite powder as scatterers, and we applied pulsatile flow (simulating blood flow) for the induction of pulsatile change in wall thickness. In this experiment, we measured the changes in thickness and inner pressure caused by the pulsatile flow to obtain the stress-strain relationship, and the viscoelasticity was estimated using the principles described in x2.1. Additionally, for the evaluation of the accuracy of the proposed method, we estimated the elasticity of the silicone tube from the change in outer diameter, which was measured using a laser displacement gauge. Figure 3 shows the experimental system, and the elasticity, which was estimated using a laser, is defined by
where Ád e ðtÞ and Áp indicate the changes in outer diameter and inner pressure, respectively. In the measurement using the laser displacement gauge, the apparatus employed in this study may have an undesirable time delay that would largely affect the estimation of the viscosity of the material. Therefore, we evaluated only the elasticity measured by ultrasound (E s ) by referring to the elasticity measured using a laser (E inc ).
Procedure for in vivo experiment
In this study, the right radial arteries of healthy subjects were measured. In this measurement, ultrasonic RF echoes (transmit center frequency: 22 MHz) were acquired at a sampling frequency of 66.5 MHz for 2 s at a frame rate of about 320 Hz. At the same time, the waveform of blood pressure on the left radial artery was continuously measured with a sphygmometer. We applied this method to a healthy subject and evaluate the effect of filtering. Consequently, we measured the transient change in viscoelasticity due to FMD. This acquisition was repeated at every 20 s for 2 min at rest before avascularization and every 12 s for 3 min after recirculation.
Results
Results of basic experiment
For the validation of the method, we applied the proposed method to a silicone tube (simulating artery), and Fig. 4 shows the B-mode image of the anterior wall of the tube. We measured the change in the thickness of the anterior wall caused by internal pulsatile flow (simulating blood flow). Figure 5 shows the results of the measurement of the change in the thickness of the silicone tube. In the basic experiment, the boundaries of the wall, which were tracked by the phase tracking method, were determined automatically by thresholding to the echo amplitude.
Additionally, in this measurement, the strain rate was filtered to decrease the high-frequency noise amplified by the differentiation of the strain. Figure 6 shows the effects of LPF. Figure 6(a) shows the min at each cutoff frequency f c , and the adaptive cutoff frequencyf c , which gives minimum min , is adaptively determined ( f c ¼ 20 Hz in Fig. 6 ). Figure 6 (b) shows the strain rates obtained with and without filtering using the adaptive cutoff frequency. Figures 6(c) and 6(d) show the estimated pressure and stress-strain relationship, respectively. As shown in Fig. 6(b) , the highfrequency noise was clearly decreased, and min was decreased from 2.3 to 1.7%.
Moreover, for the evaluation of the accuracy of the proposed method, we estimated the elasticity of the silicone tube from the change in outer diameter, which was measured using the laser displacement gauge. Figure 7 shows the measured relationship between inner pressure and outer diameter (15 cycles of the pulsatile flow). The green line shows the mean measured elasticity (467 kPa), which was calculated using eq. (5). Figure 8 shows the elasticity and viscosity of the silicone tube, which were estimated by the proposed method. In the ultrasound measurement, the mean elasticity was 472 kPa (mean viscosity was 8.67 kPaÁs). The elasticity was estimated with a mean error of 1.2%.
Results of in vivo experiment
RF data for 2 s was obtained by each acquisition to include at least an entire cardiac cycle. Therefore, the changes in thickness and blood pressure were obtained for at least one cardiac cycle in each measurement for estimating the viscoelastic parameters of the radial arterial wall. Figure 9 shows the effects of LPF in the in vivo measurement. As shown in Fig. 9(a) , the normalized residual MSE min was decreased from 8.9 to 1.2% by adaptive LPF ( f c ¼ 12:3 Hz). Figure 9(b) shows the measured and estimated pressures. Figure 9(c) shows the stress- strain relationship of the radial arterial wall during a heartbeat. The red line shows the hysteresis loop (reference) measured using a sphygmometer. The black and blue lines in Fig. 9(c) show the estimated loops obtained without and with filtering, respectively. Additionally, the inner small loop, which corresponds to the negative pressure wave caused by the closure of the aortic valve, can be observed by adaptive LPF. Figure 10 shows the transient change in min between the measured and model stresses ðtÞ and LPF ðtÞ. min was µm µm clearly decreased by adaptive LPF. In particular, the MSE obtained after the release of the cuff was decreased significantly. Figure 11 shows the transient change in viscoelasticity due to FMD. After the release of the cuff, a temporal decrease in elasticity and a temporal increase in viscosity were measured. The transient changes in these parameters were similar to those in the previous study. 22) 
Discussion
In this study, we evaluated the accuracy of the estimation of viscoelasticity by a basic experiment using a silicone tube (simulating artery). In Fig. 8 , the elasticity is estimated with a small error (mean error of 1.2%, which is about 5 kPa). However, there are relatively large standard deviations. Figure 12 shows the elasticity measured at each beam position. As shown in Figs. 8 and 12 , the measured elasticity values fluctuate among beams. However, the reproducibility of elasticity and the small fluctuation in elasticity are measured at the same position. Therefore, it is required that the variation in the viscoelasticity of the silicone tube should be further investigated. Moreover, the accuracy of the estimation of elasticity and reproducibility is demonstrated in this validation experiment. Figure 9 shows the stress-strain relationship of the radial arterial wall during a heartbeat. As shown in Figs. 6(d) and 9(c), LPF decreases the high-frequency noise clearly and improves the accuracy in of the estimation of each parameter (corresponds to the shape of hysteresis). In particular, in the in vivo measurement, the inner small loop that corresponds to the negative pressure wave can be observed. Although the amplitude of this negative pressure wave is smaller than that of the positive pressure wave, it is an important component in vascular dynamics. The negative pressure wave is composed of high frequency components compared with the positive pressure wave. Therefore, the cutoff frequency of LPF should be determined not to remove the component of the negative pressure wave.
As shown in Fig. 9(c) , the duration of the inner small loop is about 0.22 s [corresponds to the 2nd peak of blood pressure in Fig. 9(b) and the reciprocal of the duration is about 4.6 Hz]. Additionally, the main component of blood pressure waveform is about 1 Hz (corresponds to a cardiac cycle). The adaptive cutoff frequency is determined by evaluating the MSE using both components because such components are important in the arterial dynamics. As shown in the example in Fig. 9(a) , the determined adaptive cutoff frequency is much higher (12.3 Hz) than 4.6 Hz to preserve the negative pressure component. As shown in Fig. 9(c) , the estimated hysteresis loop is significantly deformed (at f c ¼ 5 Hz) when the cutoff frequency is not adaptively determined and is very low.
The shape of the stress-strain relationship includes much information. For example, the slope shows the elastic modulus, and the area depends on the ratio of the loss modulus to the static elastic modulus when the Voigt model is assumed. Therefore, the accurate measurement of the stress-strain relationship is very important for the detailed analysis of viscoelasticity. Additionally, Fig. 13 shows the comparison of the means of min obtained with and without LPF before and after avascularization. As shown in Figs. 10 and 13, the min obtained after avascularization was larger than that obtained before avascularization. To evaluate FMD, stable measurements are necessary to evaluate the change in the viscoelasticity of the radial arterial wall. Therefore, the reduction in min by LPF, particularly during FMD (after avascularization), significantly contributes to the measurement of the change in viscoelasticity.
Conclusions
In this study, we evaluated the accuracy of the estimation of viscoelasticity by a basic experiment using a silicone tube (simulating artery). In the basic experiment, the accuracy of reproducibility in the estimation of elasticity was demonstrated. Additionally, in the in vivo measurement, the normalized MSE min was clearly decreased, and the inner small loop, which corresponds to the negative pressure wave caused by the closure of the aortic valve, was also observed by adaptive LPF. These results show the potential of the proposed method for the thorough analysis of the transient change in viscoelasticity due to FMD.
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